Abstract-The paper deals with the minimization of output filter cost in inverter-fed AC drives. The LC filter design is constrained by the total harmonic distortions of the stator voltage and inverter output current, the voltage drop in the filter inductor, and the system resonance frequency. The last constraint is important from the control point of view, because the vector control requires that the sampling frequency is sufficiently higher than the resonance frequency. The design takes into account the frequency dependence of the filter resistance and inductance due to the eddy currents in the laminated ironcore inductor. The design method is further enhanced by taking into account the inverter power stage cost as a function of the switching frequency. The design minimizes the total cost of the inverter and filter, and determines the optimal switching frequency. Simulations and experiments show that the filter designed according to the proposed design procedure fulfils the design constraints, and the speed-sensorless control works well with the cost-optimized filter.
I. INTRODUCTION
Pulse-width modulated variable-speed drives have become common in many industrial and household applications. Besides many advantages such as energy savings and good controllability, frequency converters have also brought along some unwanted effects. The output voltage of the inverter consists of sharp-edged voltage pulses, which may cause excessive voltage stresses in the stator winding insulations of the motor. They may also give rise to leakage currents through the parasitic capacitances of the stator winding and produce bearing currents. Lower-order harmonics cause acoustic noise and power losses in the motor.
A means to overcome these problems is using a sinusoidal inverter output filter (or a sine-wave filter) [1] . As additional advantages, the filter may bring along cost savings in other components of the drive system: (i) the inverter can be rated smaller because a part of the magnetizing current is fed by the filter capacitors [2] ; (ii) unshielded cables can be used if the common-mode voltage is filtered [3] ; (iii) the grid side EMI filter can be avoided [4] . Conventionally, the drives equipped with a sinusoidal output filter are based on constant volts-per-hertz control. However, the control performance can be improved by using sensorless vector control [5] , [6] .
If vector control is used, the sampling frequency should be sufficiently higher than the resonance frequency of the filter, which sets a constraint for the filter design.
The design of a sinusoidal filter is usually based on the resonance frequency of the filter [2] , [7] - [9] . The resonance frequency has been set one decade below the switching frequency in [9] . However, to minimize the filter cost, the resonance frequency should be closer to the switching frequency. In [10] , [11] , the relative cost of the inductor and capacitor (based on an estimate that the capacitor cost is half of the inductor cost for the same power rating [12] ) is taken into account in the filter design.
Laminated iron-core inductors are usually used in sinusoidal output filters. Due to the eddy currents in the laminations, the resistance and the inductance of the filter inductor depend significantly on the frequency. Hence, a frequency-dependent inductor model should be applied in the filter design, especially if the switching frequency is high.
In this paper, a cost-effective design of a sinusoidal output filter for vector-controlled drive is developed. The filter cost is based on present-day component prices. The design is constrained by the total harmonic distortion (THD) of the stator voltage, the THD of the inverter output current, and the voltage drop in the filter inductor. Furthermore, the maximum resonance frequency is constrained by the sampling frequency in the case of vector-controlled drives. The cost of the filter is minimized so that given filtering requirements are fulfilled. In addition, the optimal switching frequency is determined in order to minimize the total cost of the filter and the power stage of the inverter. The design is verified by simulations and experiments.
II. FILTER AND MOTOR MODELS Fig. 1 shows the variable-speed drive system equipped with an inverter output filter. Space-vector notation is used for three-phase quantities. The switching voltage ua (t) can be determined analytically by means of a double Fourier series expansion [15] :
The coefficients are given by the double integral: Ua,mn T= T X j a u(t)e-j(mw±+nw )tdt dt (7) where TC = 271wj ja TS = 271w5. [17] . Fig. 2(b) shows the theoretical spectrum of an example switching voltage generated by the SVPWM.
In a three-phase system, zero-sequence components disappear from phase to phase and space vector voltages. amn (10) The derivation of (10) is given in the Appendix.
IV. FILTERING CHARACTERISTICS
Based on (1) The inductor and capacitor prices, denoted by HL and HC, respectively, can be approximated by linear functions. The trend line drawn in Fig. 4(a) is reasonable only for inductors having the same current rating. Capacitor prices shown in Fig. 4(b) are for a constant rated voltage. The cost function consists of the inductor and capacitor prices according to Hfilter = hLLf,dc + HLO + 3 (hcCf + HCo) (20) where hL, HLO, hc, and HCo are define the trend lines in Fig. 4 In the previous design, the sampling frequency was twice the switching frequency. If the sampling frequency equals the switching frequency as is the case in some drives, the feasible region shrinks according to the dashed line in Fig. 5 . The resonance frequency of the system must be lower than that in the previous design in order to fulfil the constraint (25). In this case, the optimal filter design is obtained at Table I were used with the exception of fsa = 5 kHz.
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The filter parameters were Lf = 4 mH, Cf = 4.8 pF, and RLf = 0.3 Q corresponding to the optimal filter design t as function of switching frequency. Dashed line is the filter in Fig. 5 (point B) . A speed-sensorless control method [5] Dst Hfilter. Solid line is the total cost of the filter components enhanced with a one-step-ahead current prediction in the )versizing.
inverter current control was used. of the stator voltage is plotted in Fig. 11(a) . The LC filter -r switching frequency, however, causes higher attenuates high frequencies from the inverter output voltage losses in the inverter. The switching losses may effectively. The THD of the stator voltage is THDUS = .,rsizing of the inverter. The cost of the oversized 2.1 Yo, the THD of the inverter current is THDiA = 14.3 'o,
[n be taken into account in the filter design in a and the voltage drop is kA,, = 1.9 %. All constrains given nilar to [18] for a grid-side LCL filter. The aim is in Table II are fulfilled. to minimize the total cost of the filter and the power stage of the inverter. The results give the optimal filter parameters and the optimal switching frequency. The inverter switching losses with sinusoidal currents can be approximated as [19] Htot = Hfilter + hovpswfc (27) where hov is an inverter oversizing cost factor.
The parameters used in (27) are Psw = 3.3 W/kHz and hov = 0.08 E/W in this example design. The total cost is shown as a function of the switching frequency in Fig. 6 VII. EXPERIMENTAL RESULTS The experimental setup consists of a frequency converter controlled by a dSPACE DS 1103 PPC/DSP board, a 2.2-kW four-pole induction motor, and a three-phase LC filter. The parameters of the motor and the inverter correspond to those given in Table I with the exception of fsa = 5 kHz and Ud0 = 520 V. The LC filter consists of a three-legged laminated iron-core inductor and three AC capacitors. The technical data of the filter is given in Table III . A permanent magnet servo motor was used as loading machine. Only the dc-link voltage and the inverter output current were measured for control purposes. The stator voltage, the stator current, the rotor flux linkage, and the rotor speed were estimated by means of an adaptive full-order observer as described in [5] . The rotor speed was measured only for monitoring purposes. Simple current feedforward compensation for dead times and power device voltage drops was applied [20] . The inverter output voltage was limited to 0.98ud/j 3 in order to reduce oscillations due to the minimum pulse-width limitation of the inverter. The THD of the stator voltage is higher than that obtained in the simulation. This difference is explained by inverter nonidealities and measurement inaccuracies, which were not taken into account in the simulation nor in the filter design. However, all constrains given in Table II are fulfilled.
VIII. CONCLUSION
A cost-effective design of inverter output filters requires knowledge of filter component prices, motor and inverter parameters, and filtering requirements. If the drive is vector controlled, the sampling frequency should be at least four times the resonance frequency of the system. This requirement can be a limiting factor especially if the sampling frequency is low. Otherwise, the limiting factor can be the THD of the stator voltage or the THD of the inverter output current. The voltage drop can be the dominant constraint if the fundamental frequency is high. The inverter power stage cost can be taken into account in the filter design in order to find the optimal switching frequency. The increase of the switching frequency reduces the filter price, but the inverter cost is increased due to higher switching losses. Simulation and experimental results show that the filter designed according to the proposed design procedure fulfils the design constraints, and the speed-sensorless vector control works well with the cost-optimized filter.
